A tight-binding method combined with molecular dynamics ͑MD͒ is used to investigate the electrostatic signals generated by DNA segments inside short semiconducting single-wall carbon nanotubes ͑CNTs͒. The trajectories of DNA, ions, and waters, obtained from MD, are used in the tight-binding method to compute the electrostatic potential. The electrostatic signals indicate that when the DNA translocates through the CNT, it is possible to identify the total number of base pairs and the relative positions of the defective base pairs in DNA chains. have shown that carbon nanotubes ͑CNTs͒ can function as molecular channels for water and DNA transport. CNTs have many exquisite properties that can be exploited to develop next-generation devices with high sensitivity, fast response, low cost, and large volume production. 11-13 The possibility to detect and identify different charged ions translocating through CNTs has recently been reported.
Rapid and cheaper techniques to sequence and detect DNA abnormality could revolutionize the use of genetic information and biomedical research.
1-3 Defective DNA segments can commonly be found in cancer patients, where one or multiple DNA bases as well as the corresponding backbones are inserted, missing or unpaired. 4, 5 Defective DNA pairs can lead to cell death or mutations. A series of recent experiments studied the translocation of DNA molecules through narrow pores, which selectively allow singleor double-stranded DNAs to pass through. 3, 6 Recent experiments 7, 8 and molecular dynamics ͑MD͒ simulations 9, 10 have shown that carbon nanotubes ͑CNTs͒ can function as molecular channels for water and DNA transport. CNTs have many exquisite properties that can be exploited to develop next-generation devices with high sensitivity, fast response, low cost, and large volume production. [11] [12] [13] The possibility to detect and identify different charged ions translocating through CNTs has recently been reported. 14 Since DNA bases with backbones are negatively charged, the confinement of DNA inside CNT makes the detection of electrostatic signals generated by DNA bases possible. Furthermore, abnormal and normal DNA segments have different charge distribution, so it is also possible to differentiate them by measuring the electrical signals. Electrical biosensing approaches are promising for fast DNA detection because of their potential for miniaturization and automation without chemically changing the molecular structures. 13 In this paper, we present combined MD and tight-binding simulations of DNA translocating through a CNT. We show that it is possible to count the number of base pairs and estimate the relative positions of defective base pairs in the DNA segments.
A schematic of the system is shown in Fig. 1 . A DNA chain is translocated from reservoir B to reservoir A through the CNT. A semiconducting CNT with solvent reservoirs attached at both ends is considered. DNA electrostatic signal patterns are investigated when DNA bases translocate through the CNT together with water and ions. The configurational structure of water, ions, and DNA inside the CNT are obtained by performing MD simulations. The screening effects are computed by self-consistent tight-binding ͑TB͒ simulations. 15 Since semiconducting CNTs have much weaker screening ability than metallic CNTs, 14 we use semiconducting CNTs to obtain stronger electrical signals when DNA bases are present inside the CNT. The TIP3P model is used for the geometry and atomic charges of water molecules. 16 Two types of DNA sequences, namely, Dickerson and hairpin structures, 17 are considered. The topologies of a 12-segment double stranded Dickerson ͑B-type͒ DNA 17, 18 and an eight-segment hairpin DNA 13, 19 are obtained from the DNA database. Defective DNA segments are generated by removing one or multiple DNA bases as well as the corresponding backbone structure. To keep the system neutral, 40 Na + and 18 Cl − ions are added for the Dickerson case and 40 Na + and 24 Cl − ions are added for the hairpin case. For simplicity, we assume that the presence of CNT does not affect the partial charges of the DNA and water molecules. As DNA, water molecules and ions move from reservoir B to reservoir A, the electrostatic potential detected at the measuring point is a combination of the screening of CNT and the field generated by the DNA, ions, and water molecules inside the CNT. The measuring point is located above the center of the CNT at a distance of 2 nm from the nanotube axis. Water dipoles can also partially screen the electric field generated by the DNA. However, when water and DNA enter the hydrophobic interior of small-diameter a͒ Author to whom correspondence should be addressed. Electronic mail: aluru@illinois.edu. CNTs, the overall screening ability of water molecules is reduced because of the limited number of water molecules inside the CNT. 20, 21 Thus, the effective electrostatic potential signals at the measuring point are dominated by DNA charges. Because the DNA, ions, and water molecules are charged, the presence of fewer ions and water molecules surrounding the DNA inside the CNT will improve the measured signal quality. Our calculations indicate that a ͑22,0͒ CNT can provide good results. If multiple DNA base pairs appear in the CNT at the same time, then the signals can be convoluted. To minimize the number of DNA base pairs inside the CNT, we shorten the length of the CNT to one unitcell ͑4.26 Å͒, which is a little longer than one nucleotide unit ͑3.4 Å͒. This length is comparable to the length of some of the biological nanopores found in cell membranes. A selfconsistent sp 3 TB method is employed to calculate the electrostatic potential distribution of DNA and other charged molecules inside the CNTs. More details on the TB method can be found in Ref. 15 .
MD simulations are performed with GROMACS 3.2.1 using an AMBER99 force field. 22, 23 Nonequilibrium MD simulations are performed for DNA translocation by mimicking atomic force microscope tips 22, 24 to pull the DNA. The coordinates of water, ions, and DNA at an interval of 0.01 ps are used to compute the electrostatic Coulomb potential and the TB Hamiltonian. The TB equations are then solved selfconsistently to obtain the potential distribution. 15 In Fig. 2 , three MD snapshots illustrate the translocation of DNA through the semiconducting CNT from reservoir B to reservoir A. To obtain the electrostatic potential shown in Fig. 3 , the average potential at the measuring point, referred to as the reference potential, is computed before the DNA enters the CNT. Next, once the first base of the DNA molecule enters the CNT, the potential at the measuring point, denoted as the perturbed potential, is recorded which varies as a function of the DNA position and time. Since the perturbed signals are too noisy because of the fluctuations in the MD trajectory, statistical moving-average technique is used to distill electrostatic signals, i.e., V ͑t͒ =1/ ͑2N +1͚͒ j=−N j=N V͑t + j ϫ dt͒ where t is the time, dt is the time interval between sampling MD snapshots, which is chosen as 0.01 ps, N is the number of MD snapshots to do the moving average, V is the electrostatic signal obtained by using the self-consistent TB method, and V is the signal after using the moving average. N = 40 is found to be reasonable to smooth out the position fluctuations of the MD simulations as well as to keep the average displacement small after every N steps compared to one nucleotide unit. The potential difference between the perturbed and the reference potential is denoted as the actual potential. The actual potential for the 12 nondefective base pair DNA case is shown in Fig. 3͑a͒ .
When the DNA bases are outside the CNT, the electrostatic potential generated by them is mostly screened by the electrolyte reservoirs. When the bases are inside the CNT, they contribute most to the electrostatic potential at the measuring point. Therefore, wavelike potential signals are obtained, as shown in Fig. 3͑a͒ , when the DNA base pairs enter the short CNT one by one. Since one cycle of peak and valley of the electrostatic signal represents a base pair passing through the CNT, by counting the number of cycles, we can estimate the total number of base pairs in the DNA segment. Figure 3͑a͒ shows 12 cycles revealing that the DNA segment has 12 base pairs. Because the first and the last base pairs of Dickerson DNA have a total charge of −1e each, while the interior base pairs have a total charge of −2e each, the electrostatic potential at the measuring point for the first and the last cycles is only about half of the interior cycles. This is a potential approach to detect whether the DNA sequence is of Crick-Watson type ͑e.g., Dickerson͒. 17 To demonstrate the accuracy of the method, data from 30 MD simulations are collected and each MD simulation is performed with a different initial configuration. The estimates for the number of base pairs within the DNA are shown in Fig. 3͑c͒ . 
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Xu, Mi, and Aluru Appl. Phys. Lett. 95, 113116 ͑2009͒ from multiple MD simulations, the statistical results show that the number of base pairs can be estimated with reasonable accuracy. Defective DNA base pairs have fewer charges than the normal DNA base pairs. Hence, they will generate smaller electrical signals compared to the normal DNA segments. For example, when a 12-segment Dickerson DNA with the last two bases missing translocates from reservoir B to reservoir A, the potential at the measuring point as a function of time is shown in Fig. 4͑a͒ . We observe ten normal cycles and two defective cycles. We again used data from 30 MD simulations each with a different initial configuration. The probability for the location of the defective base pair within the DNA is shown in Fig. 4͑c͒ . This is determined by counting the number of times where the defective cycles are found for the data from 30 MD simulations. The results show that the location of defective base pairs can be determined with reasonable accuracy.
Hairpin DNA structures are commonly used in experiments. 19 Single-strand DNA can form a hairpin structure, which can be very different from the standard helix structure. 10, 17 An eight-segment hairpin DNA is also simulated in this work. The first few bases of the hairpin structure are usually unpaired, and every base has a charge of −1e, which is different from the Dickerson DNA charge pattern. The electrostatic potential for the first and last cycles are similar to the interior cycles for the hairpin structure as shown in Fig. 3͑b͒ . Note the clear difference from the Dickerson DNA results, which are shown in Fig. 3͑a͒ . Because of the charge and potential difference, it is possible to differentiate Dickerson and hairpin-type DNA structures by simply comparing the electrostatic potential signals from their first and last cycles. From the MD snapshots of Fig. 2 , the second, fifth, and seventh base pairs of the hairpin DNA pass through the CNT at the times T 1 , T 2 , and T 3 , respectively, and one can see that the times T 1 , T 2 , and T 3 in Fig. 3͑b͒ approximately coincide with the second, fifth, and seventh valleys of the electrostatic potential signal. It is consistent with the physical observation that when one base-pair with net negative charge is completely located inside the CNT, the base-pair will generate the strongest potential signal at the measuring point.
When a hairpin structure with its last three base pairs defective translocates through the CNT, the relative position of the defective base pairs can be clearly read from the electrical signal patterns as shown in Fig. 4͑b͒ . With data from 30 MD simulations, the probabilities of the relative position of the three defective bases are as shown in Fig. 4͑c͒ . The results again show that the technique is an effective way to estimate the location of the defective base pairs. Finally, the theoretical results presented in this paper could pave the way toward developing next-generation nanosensors that could measure the lengths of various DNA strands and distinguish between different types of DNAs. 
